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bstract
The metal oxide semiconductor gas sensor technology is robust and has quick response times. In this work, aluminium and tin co-
oped zinc oxide (ASZO) thin films were synthesized by a sol–gel dip-coating process as sensors for the greenhouse gas nitrogen
ioxide (NO2). The prepared ASZO thin films were characterized using such techniques as X-ray diffraction (XRD), scanning
lectron microscopy (SEM), atomic force microscopy (AFM) and photoluminescence (PL) emission studies in order to analyze the
lemental confirmation, particle size, surface roughness and optical emission properties, respectively. The XRD data reveals the
exagonal structure of ASZO and that the preferential orientation is along 2θ  = 36.19◦. SEM images of the ASZO thin film exhibit
od-like formations of ASZO on the substrate. The ASZO films show enhanced sensing behaviour, sensing NO2 gas even at 2 ppm
t an operating temperature of 170 ◦C. The response and recovery times were determined to be 30 and 20 s, respectively.
 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
Trace gases play an important role in atmospheric
omposition, radiative interaction, climate change and
ollution, despite their small concentrations. Increase
n the atmospheric percentage of these trace gases due
o human activities, such as the burning of fossil fuelsPlease cite this article in press as: G.S. Hikku, et al. Al-Sn doped Z
J. Taibah Univ. Sci. (2016), http://dx.doi.org/10.1016/j.jtusci.2016.
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[1,2], causes major issues, including respiratory dis-
eases, ozone depletion, global warming, and acid rain.
Therefore, it is essential to monitor and mitigate toxic
air pollutants, resulting in the need for gas sensors.
NO2 is a very important trace gas because it is one
of the precursors which are highly poisonous, reactive
and potentially harmful to ozone [3–9]. Seven oxides
of nitrogen are found in ambient air. These include
NO, NO2, NO3, N2O, N2O3, N2O4 and N2O5. NO
and NO2 and are collectively known as NOx because
they are rapidly interconverted during the day. NOxnO thin film nanosensor for monitoring NO2 concentration,
02.002
behalf of Taibah University. This is an open access article under the
pollution is caused due to excessive emission from
automobiles, trucks, industrial sources and various non-
road vehicles (e.g., construction equipment and boats).
Because NOx is an oxidizing agent, it reacts with volatile
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organic compounds (VOC) in the atmosphere to form
complex compounds. NOx affects the mucosa of the
eyes, nose, throat and respiratory tract, and also causes
irritation. Continuous exposure to NOx gas leads to
various respiratory conditions, such as decreased lung
function, pulmonary diseases, acute or chronic bronchi-
tis, pulmonary oedema, and diffuse lung injury [10–14].
Thus, it is very essential to monitor and mitigate this pol-
lutant. Currently, sensors for monitoring trace gases are
imported from other countries and are highly costly. As
per current literature, ZnO thin film-based gas sensors
show promising results as sensors for atmospheric gases
[5,15–19].
Zinc oxide is an inorganic semiconductor compound
with the formula ZnO. In materials science, ZnO is
classified as a wide bandgap semiconductor from the
II–VI group. ZnO thin films can act as effective sen-
sors due to their various properties such as high electron
mobility, transparent conducting behaviour, etc. [20–25].
The electrical characteristics of semiconducting metal
oxide materials change when there is a variation in
the composition of the surrounding gas. The develop-
ment of gas sensors based on this effect, using thin
films of n-type zinc oxide is in progress. However, this
type of gas sensor shows a lack of selectivity due to
a non-specific gas detection mechanism, resulting in
the detection of many types of reducing gases. There-
fore, to fabricate selective sensors, different impurities
such as Sn, Fe, Cu, Al, etc. are added as dopants to
the ZnO thin films. ZnO thin films have been exten-
sively studied by many researchers for applications in
efficient gas sensing. To meet with demands for several
applications, such impurities as F, B, Al, Ga, In, and Sn
are added to the ZnO nanoparticles in order to increase
their conductivity. ZnO nanorod-based H2 and O3 sen-
sors have been prepared by molecular beam epitaxy and
exhibit sensitivity towards ozone (O3) at room temper-
ature and towards H2 at 112 ◦C [26]. When the ZnO
nanorods are sputter-coated with Pd or Pt, the sensitivity
is increased by a factor of 5, and these sensors can detect
H2 down to concentrations of 10 ppm at 25 ◦C [27]. The
transparent, conductive nature of the ZnO thin films,
essential for gas sensor fabrication, is greatly enhanced
by doping it with Al [28]. Therefore, carrier mobility
and concentration can be drastically increased by the
addition of Al as a dopant [29]. Additionally, Sn-doped
ZnO thin films show enhanced sensitivity to NO2 gas,
and the sensitivity is better than that of undoped ZnOPlease cite this article in press as: G.S. Hikku, et al. Al-Sn doped Z
J. Taibah Univ. Sci. (2016), http://dx.doi.org/10.1016/j.jtusci.2016.
[5]. The literature indicated that there was only lim-
ited research on the topic of Al and Sn co-doped ZnO
thin films as gas sensors. Therefore, this work shows
the preparation of Al and Sn co-doped ZnO thin films PRESS
sity for Science xxx (2016) xxx–xxx
as NO2 gas sensors and also investigates their sensing
properties.
2.  Experimental
2.1.  Preparation  of  ASZO
ASZO thin films were prepared using a conven-
tional dip-coating method. The sol was prepared using
zinc acetate dihydrate, diethanolamine (DEA), and iso-
propanol as precursors. Equimolar quantities of zinc
acetate (1 M) and DEA (1 M) were maintained in the pre-
cursor solution. Tin was added as a dopant by introducing
4 ml of SnCl2·2H2O dissolved in ethanol (0.2 M) into
the above mixture. The solution was then heat-refluxed
for 1 h at 70 ◦C. To dope with aluminium, a solution
containing 0.2 M aluminium nitrate dissolved in ethanol
was added to the previous mixture. A clear and homoge-
neous solution was obtained by stirring at 70 ◦C for 2 h.
The prepared ASZO solution was then aged for 24 h to
make it suitable for coating.
2.2.  Preparation  of  thin  ﬁlms
The glass slide to be coated was sonicated in acetone
for 20 min to obtain a dust-free substrate. The dip-coating
process was carried out for with an average dip time
of 30 min, and dry time was maintained at 60 and 30 s,
respectively. The prepared sample was kept in a hot-air
oven at 100 ◦C for an hour followed by calcination of the
thin film at 500 ◦C for 1 h to ensure crystallization and
to remove unreacted precursors and impurities.
3.  Results  and  discussion
3.1.  X-ray  diffraction
The diffraction pattern of the thin film calcinated at
500 ◦C exhibited eight Bragg peaks, among which the
peak at 2θ  = 36.19◦ was prominent, as shown in Fig. 1.
Therefore, the preferential orientation was along (101)
with the d-spacing of 0.248 nm. The 2θ  values of all the
samples were well-matched with JCPDS No. 89-1397
[30]. Because the doping concentrations of Al and Sn
were very low in comparison to ZnO, the diffraction
peaks for Al and Sn were much reduced in the XRD
pattern which showed dominant ZnO peaks. The XRDnO thin film nanosensor for monitoring NO2 concentration,
02.002
peaks for SnO2 and Al2O3 were in good agreement
with JCPDS Nos. 88-0287 and 81-1667, respectively.
The prepared ASZO thin films showed monophasic and
polycrystalline hexagonal structure.
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thickness of the film, RMS roughness (Rq), and aver-
age roughness (Ra) of the thin film was interpreted and
their values are 227.739 nm, 66.215 nm, and 50.229 nm,
respectively. Roughness skewness (Rsk) is used to studyFig. 1. X-ray diffraction pattern of ASZO film.
The crystallite size of the ASZO formed on the glass
ubstrate can be calculated using the formula,
rystallite size (D) = 0.9λ
βcos θ
(1)
here λ  is the wavelength of the X-ray (0.15406 nm), β  is
ull-width half maximum (FWHM) of the corresponding
iffraction peak (hkl) and θ  is the Bragg diffraction angle.
he crystallite size calculated from the XRD data was
arger in value. This is because of the high calcination
emperature, at which the crystallites merge with each
ther resulting in larger crystallites. The strain associated
ith the ASZO thin film can be calculated using the
xpression below,
train (ε) = βcos θ
4
(2)
From Table 1, the calculated strain value was very
ow due to the release in strain associated with ASZO,
uring annealing. The number of dislocations in a unit
olume of crystalline material can be determined by
he dislocation density. The dislocation density, which
an be defined as the number of defects in the film was
etermined by the formula,
1Please cite this article in press as: G.S. Hikku, et al. Al-Sn doped Z
J. Taibah Univ. Sci. (2016), http://dx.doi.org/10.1016/j.jtusci.2016.
islocation density (δ) =
D2
(3)
The calculated structural parameters are tabulated in
able 1.
able 1
tructural parameters of ASZO thin film.
rystallite
ize (D) (nm)
Strain
(ε)
Dislocation density × 1014
(lines/m−2)
4.55 0.00079 5.04Fig. 2. SEM micrograph of ASZO thin film.
3.2.  SEM  analysis
Fig. 2 shows the SEM image of the prepared ASZO
thin film. The SEM micrograph was taken with a mag-
nification of 8000×  at an operating voltage of 10 kV.
The ASZO particles, which could be visualized from the
SEM micrograph, were distributed evenly over the sub-
strate. The particle size of ASZO particles on the glass
substrate varied from 100 to 200 nm.
3.3.  AFM  studies
Fig. 3 shows the topographical image of ASZO thin
film, as obtained by AFM. From the figure, the average
particle size distribution in the ASZO film was found to
be approximately 200 nm. Surface roughness, skewness
and kurtosis of the ASZO thin film were calculated using
the obtained AFM data and are tabulated in Table 2. ThenO thin film nanosensor for monitoring NO2 concentration,
02.002
Fig. 3. AFM studies of ASZO thin film.
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Table 2
Results obtained from AFM studies.
Thickness 227.739 nm
RMS roughness 66.215 nm
Average roughness 50.229 nm
Skewness −1.230
Kurtosis 4.686
the symmetrical behaviour of surface variations about a
mean line. Rsk is more sensitive to deep valleys and high
peaks. The negative skewness obtained for the ASZO
thin film was due to the presence of more valleys than
peaks. Roughness kurtosis (Rku) is the expression to
determine the distribution of spikes about a mean line.
For spiky surfaces, Rku is greater than 3; for rough sur-
faces, Rku is less than 3; and for random surfaces, Rku is
3. The Rku obtained for the ASZO thin film shows a value
greater than 3, indicating the surface is spiky which can
be well understood from the AFM image.
3.4.  Photoluminescence  (PL)  spectra
The PL spectrum of the prepared thin films was ana-
lyzed with an excitation wavelength of 325 nm, in the
range from 350 to 600 nm. From Fig. 4, it is seen that
the ASZO thin film showed four peaks; a major peak at
364 nm and three minor peaks at 381, 412 and 431 nm,
respectively. The UV band showed two peaks at 364 nm
and 381 nm which were attributed to near-band edge
emission [31]. The emission at 364 nm was due to the
electron transition from excitons bound to donors, and
the emission at 381 nm was attributed to donor-acceptorPlease cite this article in press as: G.S. Hikku, et al. Al-Sn doped Z
J. Taibah Univ. Sci. (2016), http://dx.doi.org/10.1016/j.jtusci.2016.
pair recombination. The two low-intensity peaks found
in the violet-blue region at 412 and 431 nm, respectively,
were attributed to deep-level emissions. The reason for
Fig. 4. PL emission spectra of ASZO film. PRESS
sity for Science xxx (2016) xxx–xxx
the blue emissions is not known conclusively and debates
are ongoing, considering various aspects such as oxygen
vacancy (VO), zinc vacancy (VZn), oxygen interstitial
(Oi), zinc interstitial (Zni), oxygen anti-site (OZn) and
zinc anti-site (ZnO) [32]. All of these phenomena con-
tribute to the deep-level emissions.
3.5.  Gas  sensing  analysis
In order to characterize sensor performance, a set of
parameters was used, including sensitivity, recovery and
response times, and working temperature [33]. The gas-
sensing mechanism in oxide-based devices is governed
by the reactions with gas molecules, occurring at the sur-
face of the metal oxide. The mechanism initiates with
the chemisorption of oxygen molecules over the surface
of the ASZO thin film, followed by the charge trans-
fer phenomenon between the test gas and the adsorbed
oxygen molecules [34]. When there is a charge trans-
fer phenomenon, the resistance of the thin film changes.
The presence of oxidizing gases increases the film resis-
tance while the presence of reducing gases reduces the
resistance. In order to measure the sensor resistance in a
desired concentration of the analyte gas, a known con-
centration of gas in ppm was injected into the housing
using a micro–syringe. The volume of the test cham-
ber was 10 l. Therefore, to measure the response of the
sensor for 1 ppm, 10 l of the test gas was injected into
the test chamber. The resistance of the sensor as a func-
tion of time was measured. The recovery of the sensor
was studied by analysing the variation in resistance after
removing the sensor and exposing it to air. The sen-
sor responses for oxidizing and reducing gases can be
calculated using the following expressions:
So = Rg −  Ra
Ra
× 100
C
(reducing gas) (4)
Sr = Ra −  Rg
Rg
× 100
C
(oxidizing gases) (5)
where Rg and Ra are the resistance of the sensing element
influenced by gas concentration and by air, respectively,
and C is the gas concentration in ppm. The operating
temperature is one of the most important properties of
the as-prepared gas sensor. The optimal operating tem-
perature is closely related not only to the properties
of the material itself but also to the gas-sensing pro-nO thin film nanosensor for monitoring NO2 concentration,
02.002
cess of the gas towards the surface of materials. For
the prepared ASZO thin films, the operating tempera-
ture was determined to be 170 ◦C and is represented in
Fig. 5(a).
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ncreased with increased temperature, reached a max-
mum at 170 ◦C, and gradually declined thereafter.
his finding is observed due to the loss of adsorbed PRESS
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oxygen on the surface of the thin film with the increase
in temperature. This results in further increase in elec-
tron concentration on the thin film surface, improves the
film conductivity, and thus increases the sensitivity. This
phenomenon results in decreased electron conduction
at low temperatures and enhanced conduction at higher
temperatures. Response time and the recovery time are
the other major parameters to be considered. Response
time is defined as the time required to reach 90% of
the saturation response and the recovery time can be
calculated as the time taken by the sensor to recover
90% of the response when the gas flow is switched off
and subsequently filled with air. The response time and
recovery time of the sensor were approximately 30 and
20 s, respectively, as shown in Fig. 5(b). Desorption is an
irreversible process whereby the resistance is stabilized
for few seconds, which results in a delay in recovery
time. Fig. 5(c) shows the increase in sensitivity of the
prepared thin film with increasing test gas concentration.
From the figure, it is seen that the sensitivity drastically
increased with increasing concentration of the test gas
and the sensing behaviour started at NO2 gas concen-
trations of 2 ppm. The fabricated sensor showed good
sensitivity and a fast response time (30 s) to the NO2 gas.
Additionally, the operating temperature and the power
consumptions were greatly decreased compared to pre-
vious reports of un-doped ZnO [35] and Ga-doped ZnO
film [36].
4.  Conclusions
The Al-Sn co-doped ZnO thin film sensor was fab-
ricated using a sol–gel process. ASZO thin films were
characterized using XRD, SEM, AFM, and PL emis-
sion spectra. Sensing characteristics of the ASZO thin
film sensor were also studied. The ASZO thin films
showed an average thickness of 227 nm (derived from
AFM data) and exhibited good sensitivity towards
NO2. The ASZO thin film sensors showed better per-
formance, sensing NO2 gas even at 2 ppm under an
operating temperature of 170 ◦C. The response time
and recovery time were measured to be 30 and 20 s,
respectively.nO thin film nanosensor for monitoring NO2 concentration,
02.002
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